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INTRODUCTION 

Carbon dioxide can r e a c t  with carbon to form carbon monoxide. This  i s  a 
r e v e r s i b l e  reac t ion  which can be represented by t h e  equat ion 

c + co, 2 2 co . 
Factors  such as the  type of  carbon used and the  impur i t ies  present  in t h e  carbon 
can d r a s t i c a l l y  a f f e c t  t h e  rate of t h e  reac t ion .  

There have been a number of  mechanisms proposed f o r  t h i s  reac t ion  (1-10)~ 
Most of these  mechanisms p u s t u l a t e  t h e  fonnat iun of a sur face  oxide o r  complex a s  
an intermediate  s t e p  i n  t h e  reac t ion .  There is some agreement that the sur face  
complex does not e x i s t  a t  temperatures  above 800°C. and, hence, does n o t  p l a y  an 
important role i n  the  r e a c t i o n  c a r r i e d  o u t  a t  higher  temperatures. 

I n  order  to i n v e s t i g a t e  t h e  carbon-carbon dioxide reac t ion  wlth 
p a r t i c u l a r  emphasis on t h e  role of any sur face  oxide intermediate ,  c e r t a i n  f a c t o r s  
must be considered. Since t h e  s u r f a c e  oxide is  bel ieved t o  b e  unstable  a t  temper- 
a t u r e s  g r e a t e r  than 800°C., the  r e a c t i o n  should b e  c a r r i e d  o u t  a t  temperatures a s  
much below t h i s  po in t  as poss ib le  i n  order  to maximize the  p r o b a b i l i t y  of sur face  
oxide formation. 
i s  r e l a t i v e i y  small (approxfmately 1 0  micromoles p e r  square meter f o r  carbon 
monoxide as the adsorbate  (11) ) .  Therefore, the r e l a t i v e  change i n  pressure  
r e s u l t i n g  from t h e  formation of a given amuunt of sur face  complex can be maximized 
by opera t ing  at  low pressures .  A s u f f i c i e n t  number of  the  r e a c t i o n  v a r i a b l e s  have 
t o  b e  measured t o  be ab le  t o  compute a complete m a t e r i a l  balance throughout the 
progress  o f  the react ion.  Furthermore, the measuring system has t o  be s e n s i t i v e  
enough t o  d e t e c t  small amounts of r e a c t i o n  i n  order  t o  minimize the  e f f e c t  of  
changing sur face  area during t h e  course  of the  reac t ion .  

For t h i s  inves t iga t ion ,  carbon was reac ted  with carbon dioxide a t  
tanpera tures  from 4oOoC. t o  700°C. and a t  s t a r t i n g  pressures  from 2 .7  t o  16 
microns of  mercury. 
Gf carbon dioxide and carbon monoxide using a mass spectrometer. 
of  the  mass spectrometer was s u f f i c i e n t l y  g r e a t  to d e t e c t  sur face  coverages of 
0.01 per  c e n t  and reaction of 0.001 per  cent  of  the carbon i n  t h e  system. 

The amount of gas necessary t o  completely cover  a carbon sur face  

The r e a c t i o n  w a s  followed by monitoring the p a r t i a l  p ressures  
The s e n s i t i v i t y  

APPARATUS AND EU'KRIMENTBL pBocED[IKE 

Figure 1 shows a schematic p i c t u r e  of  t h e  l ow pressure  reactor. The 
tubing in the systent is It inches i n  diameter; t h e  volume of t h e  system is 16.6 
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l i ters.  
convection w i l l  a i d  i n  the mixing of the r e a c t i n g  gases. The system can be 
evacuated to  pressures  of 10-5 mm. Hg using an o i l  d i f f u s i o n  p m p  which-is 
connected t o  t h e  r e a c t o r  by stopcock SI. 

The fused s i l i c a  r e a c t o r  tube i s  set a t  a n  angle  of 45' so that thexmal 

There are t h r e e  pressure  Leasuring devices  - an ion iza t ion  gauge, 
a thermocouple gauge and a McLeod gauge. Since the  mass spectrometer measures 
p a r t i a l  p ressure  of a l l  gases present ,  i t  a l s o  can be used as a pressure measuring 
device. 

The r e a c t i o n  system can b e  i s o l a t e d  fmm the mass spectrometer by 
stopcock S,. The r e a c t i o n  gases are admit ted to  the r e a c t i o n  system through 
stopcocks S, and S3. 

The carbon sample i z  placed i n  a 1 x 5 cm. fused s i l i c a  tube sea led  a t  
one end. The sample conta iner  can be lowered i n t o  the  r e a c t i o n  tube through a 
sample por t  i n  the upper p a r t  of the apparatus .  The sample conta iner  rests on a 
fused s i l i c a  tube, which extends upwards from t h e  bottom of the  reac t ion  tube. 
This support tube a l s o  contains  a chromel-alumel thermocouple. The cap f o r  the  
upper p o r t  i n  the  r e a c t o r  conta ins  a Pyrex o p t i c a l - f l a t  window through which t h e  
sample can be observed. 

The sample i s  heated by a 1 KW tube furnace which surrounds t h e  reac t ion  
tube. 
by the thermocouple i n  the sample support tube, i s  regula ted  by an automatic 
cont ro l le r - recorder .  

The furnace i s  82 inches long. The temperature of  the  furnace, a s  ind ica ted  

The mass spectrometer has been modified so t h a t  t h e  r e a c t o r  can be 
d i r e c t l y  connected to the  i n l e t  l eak  of the  spectrometer  analyzing tube. Under 
the condi t ions used i n  t h i s  inves t iga t ion ,  the  spectrometer  bled off less than 
two per  cent  of the  t o t a l  gas present  during the  course  of a run. 

A programmed magnetic f i e l d  c o n t r o l l e r  was cons t ruc ted  to enable t h e  
mass s ectrometer  t o  s e q u e n t i a l l y  monitor the mass 44 (C0,f) ion  beam and t h e  mass 
28 ( C O  ) ion beam every 15  seconds. P 

In o r d e r  t o  determine t h e  time cons tan t  of the  analyzing system, t he  
r e a c t o r  was f i l l e d  with carbon monoxide t o  a pressure  of 8 microns of mercury; 
and a 5 per  cent  increment of carbon dioxide w a a  admit ted i n t o  the  reac tor .  By 
a d j u s t i n g  the mass spectrometer  t o  monitor mass 44 (CO,+), the  time taken f o r  the 
4ir peak t o  reach a s teady  s t a t e  gives  an idea of the  rate of  d i f f u s i o n  and mixing 
of the  gases  i n  t h e  reac tor .  It w a s  found t h a t  the response of the  Spectrometer 
was p r a c t i c a l l y  instantaneous,  with a s teady  state value obtained within 5 seconds. 

The carbon used f o r  t h i s  i n v e s t i g a t i o n  was a highly  ground s q l e  of  SP-1 
spectrographic  graphite*. The spectrographic  g r a p h i t e  was ground** f o r  16 hours 

* The unground SP-1 sample was suppl ied by t h e  National Carbon Cmpany. 

The SP-1 sample was ground through t h e  cour tesy  o f  M r .  S.B. Seeley of the 
Joseph Dixon Crucible  Company. 



in a vacuum ball mill in =der tu i n c r e a s e  i t s  surface area, as descr ibed r e c e n t l y  
by Walker and Seeley (12). A f t e r  gr inding,  the area of the g r a p h i t e  wear dus t  was 
560 u ~ . ~ / p .  'rhe grinding process introduced a. 5 per cent  im into the sample. 

The carbon sample was heated t o  a temperature of 850°C. in vacuum f o r  
3 hours p r i m  t o  a h  m. 
t h e  hea t ing  of t h e  sample et t h e  end of  each nm were a r e s u l t  of the reaction and 
M t  the  p a s t  histuzy of the carbon. 

This pretreatment  insured that t h e  gases  evolved upon 

BeSULTS AND DISCUSSION 

Figure 2 s k m  t y p i c a l  data obtained from the  mass spectrometer during 
h iun. This  f i p r e  i l l u s t r a t e s  how che s p ~ c c r ~ m e t e r  i s  c a l i b r a t e d  f o r  u r b m  
monoxide,and carbon dioxide j u s t  p r i o r  t o  and immediately a f t e r  thE r e a c t i o n  
period. Alsu i t  s k m  removal of the  sur face  c m ? l e x  as carbon monoxide upon 
outgassing t h e  sample fol lowing the reac t ion .  

Figure 3 presents the  r e s u l t s  of t h i s  nm after data reduct ion.  The 
reac t ion  r a t e s  could be dupl ica ted  to wi th in  5 per  cent  Ln runs at :he saine temper- 
a ture .  It was  found :hat the rate of carbon monoxide formation vas s l i g h t l y  l e s s  
than t v i c e  the r a t e  of  carbon d ioxide  consmptron. This depar ture  from a tcpo to 
one r a t i o  involves  a small m o u n t  of  carbon monoxide " t ied"  t o  t h e  sur face  of 
the  carbon sample. This complexed carbon mnox ide  co-uld be recovered by heat ing 
the carborr i n  a vacuum at higher  cemperatures a f t e r  the run. 

Figure 4 shows t h e  p l o t s  of log carbon dioxide concentrat ion versus tw 
for :he reac t ion  over  the temperature range 400" t o  7@OoC. The experimeztal data 
very closely follow a 1- func t ion  throughout t h e  course of the reaction at al l  
temperatures. This i n d i c a t e s  t h a t  the rate of reac t ion  o f  Larbor, dioxide i s  f i r s t  
o rder  with respec t  to t h e  c a r b n  d ioxide  pressure  throughout the  entire reac t ion  
a t  a l l  tenrperatures imres t iga ted .  

With t h e  experimental condi t ions  used in this inves t iga t ion ,  two f a c t o r s  
c ~ z n  h f f e c t  the r e a c t i o n  rate, chemical r e a c t i v i t y  and the  rate of d i f f u s i o n  5f t h e  
reaccing gas  through rrhe unconsolidaLed carbon sample. IJhen &he rate of d i f fus ion  
i s  large compared t o  the  rate of chemical reac t ion ,  t h e  l a t t e r  w i l l  canple te ly  
cont ro l  che over -a l l  rate af reac t ion .  Under these  condi t ions the  rate of 
reac t ion  p e i  u n i t  sur faca  area w i l l  no t  be a f f e c t e d  by v a r i a t i o n  i n  sample size.  
However, i f  the  rate of chenicz l  reacrrion is g r e a t e r  than the  rate of i n t e r n 1  
d i f fus ion ,  an i n c r e a s e  in  weight of  sample reac ted  will not have a proport ional  
e f f e c t  on che over -a l l  rate of reac t ion .  
u n i t  sur face  area will decrezse. 
sur face  area varied with weight  of sample reacted.  

Therefore, the  r a t e  of r e a c t i o n  per 
i t  was found that the rate of reac t ion  per u n i t  

Table 1 gives t h e  rate constants* f o r  the decrease i n  carbon d icx ide  
pressure  with time per mit s u r f a c e  area versus the sample s i z e .  

* 
where only a small amount of  the t o t a l  gas i s  heated,  t h e  rate d a t a  obtained should 
be normalized to  a cons tan t  concent ra t ion  b a s i s ,  - For .tKs - invest igat ion;  i ? . 7 a ~ -  
Was taken as t h e  s tandard temperature. 
were mul t ip l ied  by t h e  r a t i o  of t h e  temperature of the  reaction to t h e  s tandard 
temperature i n  degrees absolu te .  

I n  a cons tan t  press.iire r e a c t i o n  system o r  a constant v o l m e  r e a c t i o n  system 

Therefore, the  experimental rate constants  
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TAELE 1 

EFPECT OF TOTAL SURFACE AREA OF GRAPHITE WlUR DUST ON TKE 
WZl% CONSTANT FOR THE DECREASE IN CARBON DIOXIDE PRgSSIlBB IN 

THE REACTION C + CO, + 2 CO 

Tempe ra'ature 
OC. 

400 

500 

-1 -2 6 Rate Constant .k ,  sec. m. x 10 

53 m., Surface Area 133 Surface Area 

1.21 

28.7 

~. 

1.12 

23 .6  

650 116.. 7 89.0 

From Table 1 i t  can be seen that as t h e  r e a c t i o n  temperature decreases  the rate 
constant  becomes less dependent on t h e  sample s i z e .  This i n d i c a t e s  t h a t  t h e r e  was 
some d i f f u s i o n  c o q t r o l  throughout most of t h e  temperature range inves t iga ted ,  wi th  
chemical c o n t r o l  --almost complete below ca, 450°C. 
the a c t i v a t i o n  energy approaches a v a l u e  of 38 kcak./mole. 

, 
A t  the  lower tsmperatures, 

F igure  5 shows t h e  per  c e n t  o f - t h e  carbon s u r f a c e  t h a t  was covered by 
complex a t  t h e  end  o f  a r e a c t i o n  versus  r e a c t i o n  temperature. 
the amount of  complex formed increases  to a maximum i n  the 600°C. region and then 
rap id ly  decreases .  
Figure 2. 
complex which has  been formed is q u i t e  stable u n t i l  t h e  carbon i s  heated t o  
temperatures g r e a t e r  than 600°C. The temperature a t  which the complex was formed 
was found t o  have l i t t l e  e f f e c t  upon i t s  s t a b i l i t y .  

It can be seen that 

The reason f o r  t h i s  t rend  i s  apparent  when one r e f e r s  to 
It is noted t h a t  i n  t h e  outgass ing  of  the  sample following a run, the  

The carbon monoxide sur face  complex could  be formed a s  a product of the  
carbon dioxide react ion.  

c + co, + co + C(0) 
or  i t  could b e  due t o  the  chemisorption of carbon monoxide on t h e  sur face  of the  
sample, 

co -9 (CO) . 
Here C(0) r e p r e s e n t s  a complex formed upon r e a c t i o n  of CO,, while (CO) r e p r e s e n t s  
chemisorbed carbon monoxide. By exposing the  carbun s u r f a c e  t o  carbon monoxide, 
the rate of chemisorption can be s tudied .  It was found that the  r a t e  of chemi- 
sorp t ion  increased  to a maximum around 600°C. Table '2 shows t h e  amount of 
carbon monoxide chemisorbed a t  600'C. f o r  var ious  pressures  and lengths  of time. 
The coverage of  0.125 p e r  cent  of the  sur face  in t h r e e  days i n d i c a t e s  chat  o n l y  
a small f r a c t i o n  of the to ta l  sur face  w i l l  chemisorb carbon monoxide. The 
r e l a t i v e l y  small d i f f e r e n c e  between the amount of sur face  coverage at a p r e s s u r e  
of 2 . 7  microns of carbon monoxide f o r  30 minutes and a 24 micron pressure  of  
carbon monoxide f o r  3 days i n d i c a t e s  t h a t  the m a j o r i t y  of this small area is  
rap id ly  s a t u r a t e d  w i t h  c h d s o r b e d  carbon monoxide. The chemisorbed carbon 
monoxide could  b e  recovered by hea t ing  t h e  carbon c0 temperatures g r e a t e r  than 
600'C. 



-120- 

; 
I 

1 

I 

30 min. 
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-Since the chemisorbed carbon mono;ride e x h i b i t s  the same c h a r a c t e r i s t i c s  
as the complex formed during the  carbon dioxide react ion,  i t  appears t h a t  the 
complex is  chemisorbed carbon monoxide. 
and does not  play a role i n  t h e  mechanism of the conversion of carbon dioxide t o  
carbon monoxide. 

This chemisorption i s  a s i d e  reac t ion  

It is r e c a l l e d  that, a s  a r e s u l t  of the gr inding process, t h e  carbon 
sample used i n  t h i s  i n v e s t i g a t i o n  contained ca.  5 per  cent  i ron.  A ground sample 
from which the i r o n  w a s  removed d i d  not  chemisorb any measurable amount of carbon 
monoxide. The i r o n  had a very s t r o n g  c a t a l y t i c  e f f e c t  on the  r e a c t i v i t y  of  the 
carbon. The "iron-free ' '  sample had to  be heated ca. 300°C. higher  than t h e  
"iron-containing' '  sample i n  o r d e r  t o  obta in  a comparable r e a c t i v i t y .  Although the 
experimental da ta  i n d i c a t e  t h a t  t h e  carbon dioxide i s  converted to carbon monoxide 
w i t h  no measurable build-up of  any intermediate  products, the  g r e a t  d i f fe rence  i n  
r e a c t i v i t y  between the o r i g i n a l  " i ron-containing" sample and t h e  " i ron-free"  sample 
i n d i c a t e s  t h a t  the  i r o n  must play an  important r o l e  in t h e  reac t ion  mechanism. 

A possible  mechanism by which t h e  i ron  could c a t a l y z e  the  r e a c t i o n  wrmld 
be, 

J CO, + x Fe 2 Fe 0 

F ~ o  + y ~  Z X F ~ + ~ C O  . (2) 

$. y CO (1) 
X Y  

X Y  

Both s t e p s  one and tvo i n  t h i s  mechanism a r e  r e v e r s i b l e  reac t ions .  The equi l ibr ium 
cons tan t  of s t e p  ohe is pressure  independent and iS!T!Yproximately one f o r  th'e range 
of  temperatures used i n  t h i s  i n v e s t i g a t i o n .  Step two is a pressure dependent 
r e a c t i o n ;  o p e r a t i o n a t  low pressures  o f  carbon monoxi& favors  the reduct ion of  the  
i ron .  I f  the  rate of t h e  forward r e a c t i o n  i n  s t e p  two i s  s u f f i c i e n t l y  f a s t  to 
prevent  a s i g n i f i c a n t  build-up of iron oxide, the rate of  the  back reac t ion  i n  s t e p  
one would be small. Under these condi t ions ,  only the  forward reac t ions  of s t e p  one 
and ttm w u l d  play an important  role i n  t h e  over -a l l  r e a c t i o n  scheme. 

/, ' 

1 
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FIGVRE I -LOW PRESSURE REACTOR 

OUTGASSING CALIBRATION REACTION CALI BRATION 
I I 1 1  

SENSITIVITY INCREASED 
BY F4CTOR OF 3 -TIME 

FIGURE 2 -TYPtW MASS SPECTROMETER RECORD 

N 

0 0  u u  
w *  N P  

, 

. .. 



1\ 

i! 
I 

3 

M , 
I '  
I 

-131- 

TIME. mmuies 

FIGURE 3 -TYPICAL REACTION CURMS 
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FIGURE 4 - REACTION CURVES FOR .GROUND SP-l GRAPHITE 
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